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[57] ABSTRACT

A frequency band dividing filter comprises at least two
unit circuits connected in cascade connection of at least
two stages, and at least one supplemental delay circuit.
Each of the unit circuits comprises a low-pass filter
having a specific filtering frequency band with a steep
cut-off characteristic, a delay circuit connected in paral-
lel with said low-pass filter and having a frequency
phase characteristic substantially equal to the frequency
phase characteristic of said low-pass filter in the pass
band thereof, and a subtraction circuit connected to the
output sides of said low-pass filter and said delay circuit
thereby to carry out subtraction of the outputs of said
low-pass filter and said delay circuit. The supplemental
delay circuit is connected in parallel with the second
stage unit circuit, which is connected to the first stage
unit circuit in cascade connection, and has the same
characteristic as the characteristic of the delay circuit of
the second stage unit circuit.

12 Claims, 40 Drawing Figures
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FREQUENCY BAND DIVIDING FILTER

BACKGROUND OF THE INVENTION

The present application is a continuation-in-part ap-
plication of U.S. patent application Ser. No. 760,956
“FREQUENCY BAND DIVIDING FILTER” filed
on Jan. 21, 1977 now abandoned.

This invention relates generally to frequency band
dividing fliters, and more particularly to a filter for the
operation of frequency band dividing an input signal
into band divided signals and then combining these
signals into a combined signal, which filter operates to
divide the input signal into a plurality of frequency band
signals in 8 manner such that both the frequency ampli-
tude characteristic and the frequency delay characteris-
tic of the resulting combined signal will be flat.

In general, in a system such as an audio speaker sys-
tem, there is a system in which speakers respectively for
low, medium, and high frequency bands (hereinafter
referred to as low, medium, and high bands), for exam-
ple, are used, and an audio signal is divided into low,
medium, and high bands, signals of the bands thus di-
vided being supplied to the speakers for the respectively
corresponding bands. For this band division, a fre-
quency band dividing filter is used. In this case, the
listener hears sounds resulting from the acoustical com-
bination in the sound field of sounds reproduced by the
speakers for the three bands. Furthermore, a system for
dividing in this manner a signal into frequency bands,
transmitting the signals thus divided through transmis-
sion systems respectively for the bands, and thereafter
again adding and combining the signals thus transmitted
thereby to obtain transmitted signals is being used also
in systems such as a limiter or a noise reduction system.

In such cases, it is desirable that the characteristics of
the signal obtained after being frequency band divided,
transmitted, and then added and combined are equal to
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the characteristics of the signal prior to the frequency 4

band division. Accordingly, a band dividing filter for
accomplishing the above described frequency band
division is required to have a sharp or steep cut-off
characteristic and a frequency amplitude characteristic
(hereinafter referred to as “‘amplitude characteristic™)
and a frequency delay characteristic (hereinafter re-
ferred to as “delay characteristic”) such that the ampli-
tude characteristic and the delay characteristic of the
signal after adding and combining will respectively
become flat.

However, in a typical frequency band dividing filter
known heretofore, as hereinafter illustrated by an exam-
ple with reference to a drawing, if any of the above
mentioned cut-off characteristic, amplitude characteris-
tic, and delay characteristic is as desired, the others are
poor, and there have been none in which all of these
characteristics are fully satisfactory.

SUMMARY OF THE INVENTION

Accordingly, it is a general object of the present
invention to provide a novel and useful frequency band
dividing filter in which the above described difficulty
has been overcome.

Another and specific object of the invention 1s to
provide a frequency band dividing filter having a steep
cut-off characteristic and an amplitude characteristic
and a group delay characteristic such that the amplitude
characteristic and the group delay characteristic of a
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signal obtained by being divided into three or more
frequency bands and combined will be respectively flat.

Still another object of the invention is to provide a
frequency band dividing filter having desirable charac-
teristics and being capable of dividing a signal into three
or more frequency bands, with a simple circuit organi-
zation in which only low-pass filters, delay circuits, an
substraction circuits and an additional filter or filters are
used.

A further object of the invention is to provide a fre-
quency band dividing filter of an organization wherein
a phase-shifting circuit is provided in a signal transmis-
sion path containing the above mentioned low-pass
filter so that the phase characteristics respectively of a
signal transmission path containing the above men-
tioned delay circuit and the above mentioned signal
transmission path containing the low-pass filter will
become equal.

Still further object of the invention is to provide a
frequency band dividing filter comprising a delay cir-
cuit, a low-pass filter, and a coefficient-applying opera-
tion circuit for multiplying the output signals respec-
tively of the delay circuit and the low-pass filter with
respective coefficients and thus carrying out an opera-
tion thereon. Even when the amplitude characteristic of
the low-pass filter and the amplitude characteristic of
the delay circuit in the pass band of the low-pass filter
are not equal, the amplitude characteristics respectively
of signals which have passed through the low-pass filter
and the delay circuit are unified in the operation circuit
and thus subjected to the operation.

Other objects and further features of the invention
will be apparent from the following detailed description
with respect to preferred embodiments of the invention
when read in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A through 1D and FIGS. 1E through 1H are
graphs respectively indicating the amplitude character-
istics and phase characteristics of a high-pass filter and
low-pass filter of general type;

FIG. 2 is a graph indicating the amplitude character-
istic and the phase characteristic of one example of a
known frequency band dividing filter;

FIG. 3 is a block schematic diagram showing the
general organization of a fundamental unit circuit
which is employed in a frequency band dividing filter
according to the present invention;

FIG. 4 is a graph indicating the amplitude character-
istic and the phase characteristic of a delay circuit used
in the filter of the invention;

FIG. § is a graph indicating the amplitude character-
istic of the output signal of the filter of the invention
illustrated in FIG. 3;

FIG. 6 is a schematic block diagram showing the
general organization of a first embodiment of the fre-
quency band dividing filter according to the invention;

FIGS. 7A through 7F are schematic block diagrams
of equivalent block organization of the block system of
FIG. 6;

FIG. 8 is a schematic block diagram showing the
general organization of a second embodiment of the
frequency band dividing filter according to the inven-
tion;

FIG. 9 is a schematic block diagram showing the
general organization of a third embodiment of the fre-
quency band dividing filter according to the invention;
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FIGS. 10A, 10B and 10C are schematic block dia-
grams of equivalent block organizations of the block
system of FIG. 9;

FIGS. 11, 12 and 13 are schematic block diagrams
respectively showing the general organizations of
fourth, fifth, and sixth embodiments of the frequency
band dividing filter according to the invention;

F1G. 14 is a schematic block diagram showing the
general organization of a seventh embodiment of the
frequency band dividing filter according to the inven-
tion;

FIG. 15 is a graph indicating the amplitude and phase
characteristics of the delay circuit, low-pass filter, and
phase-shifting circuit in the block diagram shown in
FI1G. 14;

FIG. 16 is a graph indicating the amplitude character-
istics of the frequency band dividing filters illustrated in
FIGS. 3 and 14;

FIGS. 17 and 18 are schematic block diagrams re-
spectively showing the general organization of eighth
and ninth embodiments of the frequency band dividing
filter according to the invention;

FIG. 19 is a schematic block diagram showing the
general organization of a tenth embodiment of the fre-
quency band dividing filter according to the invention;

FIGS. 20A and 20B are circuit diagrams respectively
showing specific examples of circuit arrangement of the
coefficient applying operation circuit in the filter shown
in FIG. 19; and

FIGS. 21 through 25 are schematic block diagrams
respectively showing the general organization of elev-
enth through fifteenth embodiments of the frequency
band dividing filter according to the invention.

DETAILED DESCRIPTION

Examples of conbinations of the transfer characteris-
tics of a high-pass filter and a low-pass filter of general
type of a characteristic such that a signal obtained by
combining signals which have passed through the filters

has a flat amplitude characteristic and of the transfer 40

characteristic of the combined signal are set forth in the
following table.

Low- High-

s fier Sde
- Ts

6dB/oct 1 4+ Ts 1T+ Ts

Character-

istic a

12dB/ 1 5

oct (1 + Ts)? (1 + Ts

Character-

istic b

K71V W ¢ ) M

oct (1 + Ts{1 + Ts + (T} 1 4 Te}{1 + Ts + (T))

Character- |

istic ¢

24dB/ 1 IR ¢ | ) M

oct

Character-
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1D, the curves 1H and 1L respectively indicate the
amplitude characteristics of the high-pass and low-pass
filters, while the curves IIH and IIL respectively indi-
cate the phase characteristics of the high-pass and low-
pass filters. In each of FIGS. 1E through 1H, the
straight line 1 indicates the amplitude characteristic of a
signal obtained from combining signals which have
passed through the filters, while the line II indicates the
phase characteristic of the combined signal. In each of
these figures, the abscissa represents frequency in terms
of multiples with the crossover frequency fc taken as
one (unity), and the left-hand and right-hand ordinates
respectively represent amplitude and phase.

Then, when signals which have passed through high-
pass and low-pass filters of, for example, the character-
istics indicated in FIG. 1A are combined with the same
polarity, the amplitude characteristic and the phase
characteristic of the resulting combined signal to the
input signal are flat as indicated in FIG. 1E. Accord-
ingly, by connecting in cascade or series connection
high-pass and low-pass filters of characteristics as indi-
cated in FIG. 1A, a frequency band dividing filter of
flat group delay characteristic is obtained. However, as
is apparent from the curves IH and IL in FIG. 1A, the
cut-off characteristics of the two filters are gentle and
bad and, therefore, are not practical.

When filters of steep cut-off characteristics as indi-
cated in FIGS. 1B, 1C, and 1D ar used, the phase char-
acteristics of the combined signals become as indicated
in FIGS. 1F, 1G, and 1H, and the group delay charac-
teristics do not become flat.

Therefore, through the use of known high-pass and
low-pass filters, a frequency band dividing filter
wherein the cut-off characteristic is steep and, more-
over, the amplitude characteristic and the phase charac-
teristic of the combined signal are flat could not be
realized.

Furthermore, among the known frequency band di-
viding filters, there has been one wherein a high-pass
filter or a low-pass filter and a subtractor for obtaining
the difference between the input and the output of this
filter are used. However, because the phase characteris-

" After combining
High-
g
Same reverse
Polarity polarity
1 4+ Ts
e f
1 —Ts
1+ Ts
- (T ﬁ ] llT
1 4+ Ts + (Ts) L+ Ts
g f

1 — G Ts + g:!:siz
1 + N2 Ts + (Ts)?

h

L A—

where Ts = §/t, and fc is the cross-over frequency of
the high pass and low-pass filters.

The characteristics corresponding to
characters a through h shown in the characteristic
spaces in the above table are respectively indicated in
FIGS. 1A through 1H. In each of FIGS. 1A through

the reference 65 tic of the above mentioned high-pass or low-pass filter is

not flat, subtraction between signals of different phases
is carried out in the subtractor. As a consequence, as
indicated in FIG. 2, a high peak exists particularly in the
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high-pass filtering amplitude characteristic IH, and
there have been other problems such as a cut-off char-
acteristic which is gentle. In this connection the exam-
ple of characteristics indicated in FIG. 2 corresponds to
the case wherein a Butterworth filter having a cut-off
characteristic of 12 dB/oct is used as the above men-
tioned low-pass filter. :

Accordingly, in accordance with the present inven-
tion, there is provided a frequency band dividing filter
having characteristic such that the cut-off characteristic
is steep, and a combined signal of flat amplitude and
phase characteristics can be obtained.

A fundamental unit circuit which is employed in the
frequency band dividing filter according to the inven-
tion as illustrated in FIG. 3, an audio signal applied to an
input terminal 10 is supplied to a delay circuit 11 and a
low-pass filter 12. As a result of being filtered by the
low-pass filter 12, a signal of a specific frequency band
is produced and, on one hand, is led out as an output
low band signal from an output terminal 13. This signal,
on the other hand, is supplied to an inverter 14, where
it is phase inverted and is then supplied to an adder 18.

The signal which has been delayed a specific time by
the delay circuit 11 is supplied to the adder 18 and there
added to the above mentioned low band signal which
has been phase inverted. As a result, a high band signal
is produced as output from the adder 1§ and led out
through an output terminal 16.

The transmission characteristic LP of the low-pass
filter 12 is set, for example, as LP = 1/(1 + Ts)?, and as
is apparent from the table set forth hereinbefore and
FI1G. 1B, this filter is a low-pass filter of relatively good
cut-off characteristic.

The amplitude and phase characteristics of the delay
circuit 11 are set to be substantially the same as the
amplitude and phase characteristics of the pass band of
the low-pass filter 12 as respectively indicated by lines 1
and II in FIG. 4. As is apparent from FIG. 1B, the phase
characteristic in the flat pass band of the amplitude
characteristic of the low-pass filter 12 varies linearly.
Accordingly, the group delay characteristic (obtained
by differentiating the phase characteristic with respect
to frequency) in this frequency band can be considered
to be flat. On one hand, the group delay characteristic
of the delay circuit 11 is flat, and the phase characteris-
tic ¢ is expressed by ¢ = —2wrf where 7 is the delay
time, and f is the frequency. Therefore, by appropriately
selecting the delay time 7, the characteristic of the delay
circuit 11 can be set to be substantially the same as the
phase characteristic of the low-pass filter 12.

The amplitude and group delay characteristics of a
signal obtained by combining the output low band and
high band signals led out through the output terminals
13 and 16 1n FIG. 3 will now be considered. In FIG. 3,
the characteristic of the signal led out through the out-
put terminal 13 is LP, and the characteristic of the sig-
nal led out from the inverter 14 is —LP. The signal
having a characteristic D which has passed through the
delay circuit 11 and the signal of the characteristic
—LP are added in the adder 15, and a signal of the
resulting characteristic (D — LP) is led out through the
output terminal 16.

When the signal of the characteristic LP from the
output terminal 13 and the signal of the characteristic
(D — LP) from the output terminal 16 are combined,
the characteristic of the combined signal becomes LP 4
(D — LP) = D. Thus, the characteristic of the com-
bined signal is represented by only the charactenistic D
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6

of the delay circuit 11, whose amplitude characteristic
and group delay characteristic are both flat, and is unre-
lated to the characteristic LP of the low-pass filter 12.
Therefore, no matter what characteristic the low-pass
filter used for the filter 12 has, a combined signal whose
amplitude and group delay characteristics are both flat
will be obtained.

Furthermore, in the adder 18, subtraction of the sig-
nal of the characteristic D and the signal of the charac-
teristic LP of substantially the same mutual phase is
carried out. Accordingly, subtraction is accomplished
with higher accuracy than in the case of subtraction
between signals of different phase as in the example of
prior art. For this reason, the amplitude characteristics
of the output signals obtained from the output terminals
13 and 16 are as indicated by the curves IIIL and IIIH
in FIG. 5. As will be apparent from a comparison with
the characteristics of a known frequency band dividing
filter as indicated by broken-line curves IL and IH in
the same FIG. §, the cut-off characteristic of the ampli-
tude characteristic of particularly the high band signal
obtained from the output terminal 16 is much steeper
and, moreover, does not produce a peak.

The delay circuit 11 of a practical example of a fre-
quency band dividing filter producing as output a signal
of the characteristic indicated by full-line curves IIIL
and IIIH in FIG. § is adapted to have a gain of one
(unity) and a delay time 7 of 0.35/fc = 0.77 T(sec.).

A first embodiment of the frequency band dividing
filter according to the invention, in which the above
described unit circuits are employed, is illustrated in
FIG. 6. An audio signal applied to an input terminal 20
1s supplied to a delay circuit 21-1 and a low-pass filter
22-1. The resulting low band signal filter by the low-
pass filter 22-1 passes, on one hand, through supplemen-
tal delay circuits 21-2a and 21-3a and is led out as an
output low band signal through an output terminal 23.
The output signal of the low-pass filter 22-1, on the
other hand, is supplied with inverted phase to an adder
24-1.

The signal wiich has been delayed a specific time by
the delay circuit 21-1 is supplied to the adder 24-1 and
there added with the phase inverted signal from the
low-pass filter 22-1. The resulting output signal of the
adder 24-1 is supplied to a delay circuit 21-2b and a
low-pass filter 22-2. The signal filtered by the low-pass
filter 22-2 is a signal of medium-low band, which passes
through a supplemental delay circuit 21-35 and is led
out as an output medium-low band signal through out-
put terminal 28.

The output of the low-pass filter 22-2 is phase in-
verted and supplied to an adder 24-2, where it is added
to the signal from the delay circuit 21-25. The output
signal of the adder 24-2 is supplied to a delay circuit
21-3¢c and a low-pass filter 22-3. The filtered output of
the low-pass filter 22-3 is a medium-high band signal,
which, on one hand, is led out as an output medium-
high band signal through an output terminal 26. The
output signal of the low-pass filter 22-3, on the other
hand, is phase inverted and supplied to an adder 24-3
and there added to the signal from the delay circuit
21-3¢c. The output signal of the adder 24-3 is led out as an
output high band signal through an output terminal 27.

Of the reference numerals designating the blocks of
the delay circuits and low-pass filters in FIG. 6, those
with the same appended numeral joined thereto by
hyphen designate a group constituting a frequency band
dividing filter for division into two bands wherein the



4,137,510

7
combined amplitude and group delay characteristics are
both flat. |

Here, the characteristics of the low-pass filters 22-1,
22.2, and 22-3 are respectively set as LP1, LP2, and
LP2, and the cut-off characteristics thereof are steep. 5
Furthermore, the characteristics of the delay circuit
21-1, delay circuits 21-2a and 21-26, and delay circuits
21-3a, 21-3b, and 21-3c¢ are respectively set as D1, D2
and D3 and the amplitude characteristics and phase
characteristics thereof are respectively set to be sub-
stantially the same as the amplitude characteristics and
phase characteristics in the pass bands of the low-pass
filters of the respectively same appended reference nu-
merals, thereby being set to have flat group delay char-
acteristics.

Next, the amplitude characteristic and the group
delay characteristic of a signal obtained by combining
output low band, medium-low band, medium-high
band, and high band signals obtained from the output
terminals 23, 25, 26 and 27 will be described.

A block diagram equivalent to the block diagram
illustrated in FIG. 6 is shown in FIG. 7A. In FIG, 7A,
a high-pass filter 30-1 has a characteristic (D1 — LP1)
which is the result of adding the characteristic —LP1
which is obtained by phase inverting the characteristic 23
of the low-pass filter 22-1 and the characteristic D1 of
the delay circuit 21-1. Another high-pass filter 30-2 has
a characteristic (D2 — LP2) which results from the
addition of the characteristic —LP2 obtained by phase
inverting the characteristic of the low-pass filter 22-2 30
and the characteristic D2 of the delay circuit 21-2. Still
another high-pass filter 30-3 has a characteristic (D3 —
LP3) resulting from the addition of a characteristic
—LP3 obtained by phase inverting the characteristic of
the low-pass filter 22-3 and the characteristic D3 of the 35
delay circuit 21-3. The outputs of the high-pass filter
30-3, the low-pass filter 22-3, and the delay circuits
21-3a2 and 21-3b are added and combined in an adder 31,
and the resulting combined signal is led out through an
output terminal 32. This signal obtained from the output
terminal 32 is equivalent to the signal obtained by com-
bining the output signals of the output terminals 23, 25,
26 and 27 in FIG. 6.

In FIG. 7A, when the characteristic (D3 — LP3) of
the high-pass filter 30-3 and the characteristic LP3 of 45
the low-pass filter 22-3 are added, the result 13 D3,
which is the characteristic of the delay circuit 21-3.
Accordingly, the block system shown in FIG. 7A can
be equivalently represented as in FIG. 7B.

In FIG. 7B, the three delay circuits 21-3 can be
abridged into a single delay circuit 21-3 as a common
delay circuit, and the block system of FIG. 7B can be
represented equivalently as shown in FIG. 7C. In FIG.
7C, when the characteristic (D2 — LP2) of the high-
pass filter 30-2 and the characteristic LP2 of the low-
pass filter 22-2 are added, the sum is D2, which is the
characteristic of the delay circuit 21-2. Accordingly,
the block system of FIG. 7C can be represented equiva-
lently as in FIG. 7D. Here, the delay circuits 21-2 can
he made into a common delay circuit, and the biock
system of FIG. 7D can be equivalently represented as in
FIG. 7E.

" Similarly, when the characteristic (D1 — LP1) of the
high-pass filter 30-1 and the characteristic LP1 of the
low-pass filter 22-1 are added, the result is the charac-
teristic D1 of the delay circuit 21-1. Accordingly, the
block system of FIG. 7E can be equivalently repre-
sented as in FIG. 7TF. |
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8
Therefore, the combined signal of the output signals

of the block system of FIG. 6 becomes equivalently the
same as a signal which has passed through the block
system of FIG. 7F, that is, a cascade connection of
delay circuits of flat amplitude and group delay charac-
teristics. Accordingly, low-pass filters of amply steep
cut-off characteristics can be used for the low-pass fil-

ters 22-1, 22-2, and 22-3. Moreover, by combining all

output signals, a combined signal wherein the amplitude
and group delay characteristics are both flat can be
obtained. |
The above described relationships and results may be
analytically considered by calculation as follows. In
FIG. 6, the transmission characteristic H from the input
terminal 20 to the output terminal 27 is as follows.
H= (D1 - LP1){D2 — LP}){D3 — LP3) (1)
The transmission characteristic HM from the input
terminal 20 to the output terminal 26 is as follows.

HM = (D1 — LP)){D2 — LP2)-LP} ()
The transmission charactenistic LM from the input ter-
minal 20 to the output terminal 25 is as follows.

LM = (D1 — LP1)LP2-D3 (3)
The transmission characteristic L from the input termi-
nal 20 to the output terminal 23 is as follows.

L = LP\-D2-D3 4)
Then, when Eq. (1) and Eq. (2) are added, the following
equation is obtained.

H + HM = (D1 — LPI){(D2 — LP)).D3 = (D] —

LPV)Y(D2-D3 — LP2-D3) (5)
By adding Eqs. (3) and (5), the following equation is
obtained.

H + HM + LM = (D! — LP1).D2-D3 = D1-D2-D3

— LP1-D2-D3 (6}
By adding Eqs. (6) and (4), the following equation is
obtained.

H+ HM + LM + L = D\.D2.D3 N

Accordingly, similarly as described above in conec-
tion with the above described equivalent circuits, the
characteristics of the combined signal become the same
as the amplitude and group delay characteristics of a
circuit comprising the delay circuits 21-1, 21-2, and 21-3
connected in cascade arrangement.

A second embodiment of the frequency band dividing
filter according to the invention will be described below
with reference to FIG. 8 showing a block schematic
diagram of this embodiment. In FIG. 8, those parts
which are the same as corresponding parts in FIG. 6 are
designated by like reference numerals. Description of
such parts will not be repeated.

A portion of an input signal introduced through the
input terminal 20 passes through and is filtered by low-
pass filters 22-3, 22-2, and 22-1 to become a low band
signal which is led out through the output terminal 23.
The output signal of the low-pass filter 22-2 which has
passed through the delay circuit 21-1a and a signal re-
sulting from phase inversion of the output of the low-
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pass filter 22-1 are added in the adder 24-1, and the
resulting medium-low band signal is led out through the
output terminal 25. The output signal of the low-pass
filter 22-3 which has passed through the delay circuit

21-2a and a signal resulting from the phase inversion of 5

the output of the low-pass filter 22-2 are added in the
adder 24-2. The output medium-high band signal of the
adder 24-2 passes through the supplemental delay cir-
cuit 21-15 and is led out through the output terminal 26.
A signal from the input terminal 20 which has passed
through the delay circuit 21-3 and a circuit resulting
from phase inversion of the output of the low-pass filter
22-3 are added in the adder 24-3. The resulting output
high band signal of the adder 24-3 passes through the
supplemental delay circuit 21-25 and 21-1¢ and is led out
through the output terminal 27.

The highly desirable nature of the characteristics of
the instant embodiment of the invention, which is simi-
lar to that of the preceding embodiment, will not be
described since it will be evident from an understanding
of the preceding embodiment.

A third embodiment of the invention is illustrated in
the form of a block diagram in FIg. 9. In FIG. 9, those
parts which the same as corresponding parts in FIG. 6
are designated by like reference numerals. Description
of such parts will be omitted. An input signal intro-
duced through the input terminal 20 is passed on one
hand through the low-pass filter 22-2, the supplemental
delay circuit 21-3a, and the low-pass filter 22-1, and the
resulting low-band signal is led out through the output
terminal 23. The signal from the low-pass filter 22-2 and
the delay circuit 21-3¢ which has passed through the
delay circuit 21-1 and the phase inverted output signal
of the low-pass filter 22-1 are added in the adder 24-1,
and the resulting medium-low band signal is led out
through the output terminal 25. The input signal from
the input terminal 20, which, on the other hand, has
passed through the delay circuit 21-2 and the phase
inverted output signal of the low-pass filter 22-2 are
added in the adder 24-2. The resulting output of this
adder 24-2, on one hand, is passed through the supple-
mental y circuit 21-35 and the low-pass filter 22-3
and chgg as a medium-high band signal through the
output terminal 26. The signal from the adder 24-2 and
the delay circuit 21-35 which has passed through the
delay circuit 21-3c and the phase inverted output signal
of the low-pass filter 22-3 are added in the adder 24-3,
and the resulting high band signal is led out through the
output terminal 27.

The amplitude and group delay characteristics of a
signal obtained by combining the output signals from
the output terminals 23, 25, 26 and 27 will be described.
As was described hereinbefore in conjunction with
FIGS. 7A through 7F, the characteristic after combin-
ing of the frequency band dividing filter for division
into two bands, which comprises the low-pass filter 22-3
and the delay circuit 21-3¢, is D1, and the characteristic
after combining of the frequency band dividing filter for
division into two bands, which comprises the low-pass
filter 22-1 and the delay circuit 21-1, is D3. Accord-
ingly, the combined signal of the output signals of the
block system shown in FIG. 9, becomes equivalently
the output signal of the block system shown in FIG.
10A. In FIG. 10A, since the delay circuit 21-1 and 21-3
are commonly used, when they are provided after the
adder, the block system of FIG. 10A becomes equiva-
lently as shown in FIG. 10B. Furthermore, the charac-
tenstic after combining of the frequency band dividing
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filter for division into two bands which comprises the
low-pass filter 22-2 and the delay circuit 21-2, is D2.
Accordingly, the block system in FIG. 10B becomes
equivalently as shown in FIG. 10C. It is to be noted that
the block system of FIG. 10C is equivalently the same
as the block system of FIG. 7F. Therefore, the ampli-
tude and group delay characteristics after combining
are both flat.

In a fourth embodiment of the frequency band divid-
ing filter according to the invention as illustrated in
FIG. 11, an input signal applied to an input terminal 40
18 supplied to a delay circuit 41-1 and a low-pass filter
42-1. The resulting low band signal filtered by the low-
pass filter 42-1 is led out through an output terminal 44a.
The output signal of the delay circuit 41-1 is supplied,
on one hand, through a low pass filter 42-2 respectively
to the non-inversion input terminal of an operational
circuit 43-1 and to the inversion input terminal of an
operational circuit 43-2. The output of the low-pass
filter 42-1 is supplied to the inversion input terminal of
the operational circuit 43-1, where it is subjected resul-
tantly to subtraction with the output of the low-pass
filter 42-2. The resulting output of the operational cir-
cuit 43-1 is led out as an output medium band signal
through an output terminal 4446. The output of the delay
circuit 41-1, on the other hand, is passed through a
delay circuit 41-2 and supplied to the non-inversion
input terminal of the operational circuit 43-2. The out-
put of the low-pass filter 42-2, on the other hand, is
supplied to the inversion input terminal of the opera-
tional circuit 43-2, where it is subjected resultantly to
subtraction with the output of the delay circuit 41-2.
The resulting output of the operational circuit 43-2 is
led out as an output high band signal through an output
terminal 44c.

Then, when the characteristics of the low-pass filters
42-1 and 42-2 are denoted by LP1 and LP2, and the
characteristics of the delay circuits 41-1 and 41-2 are
denoted by D1 and D2, the transmission characteristics
H, M, and L respectively from the input terminal 40 to
the three output terminals 44¢c, 445, and 44q are as fol-
lows.

H = D1(D2 — LP2) = DI1-D2 — DI-LP?
M = DI.LP2 — LPI

L =LPl

Accordingly, the characteristic of the combination of
the outputs of all three output terminals 44q, 4456, and
44¢ becomes as follows.

H+ M+ L=D1.D2 - DI.LP2 + DI.LP? — LPI
+ LPl = D1.IN

Thus, this combined characteristic becomes the same as
that of merely a cascade connection of the delay circuits
41-1 and 41-2, unrelatedly to the characteristic of the
two low-pass filters. For this reason, low-pass filters of
steep cut-off characteristics can be used, and, further-
more, flat amplitude and group delay characteristics
after combining are obtained.

The circuit organization of the high-pass side in this
case corresponds to that wherein the delay circuit 41-1
s connected in cascade connection with the high-pass
side of the block system illustrated in FIG. 3. By setting
the amplitude and phase characteristics of the delay
circuit 41-2 substantially equal to the amplitude and
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phase characteristics in the pass band of the low-pass
filter 42-2, a high-pass filter of steep cut-off characteris-
tic is obtained. When the delay circuit 41-1 of flat ampli-
tude characteristic is connected in cascade arrangement
with a high-pass filter of this character, there is no effect
on the various characteristics.

The circuit organization on the band-pass side is
equivalent to a cascade connection of the delay circuit
41-1 and the low-pass filter 42-2 from which the low-
pass filter 42-1 has been deleted. Therefore, by making
equal the amplitude and phase characteristics of the
cascade connection of the delay circuit 41-1 and the
low-pass filter 42-2 and amplitude and phase character-
istics of the low-pass filter 42-1, the cut-off characteris-
tic of the low-pass side of the band pass characteristic
can be made steep similarly as on the high-pass side in
the case of division into two bands. On the other hand,
on the high-pass side of the band pass, both of the out-
puts of the low-pass filters 42-1 and 42-2 decrease, and
the output after subtraction thereof will naturally de-
crease. Therefore, when low-pass filters of steep cut-off
characteristics are used for the two low-pass filters 42-1
and 42-2, the cut-off characteristic on the high-pass side
of the band-pass characteristic also becomes steep.

Since the characteristics of the low-pass side are the
characteristics per se of the low-pass filter 42-1, a steep
cut-off characteristic is obtained.

A fifth embodiment of the frequency band dividing
filter according to the invention will now be described
in conjunction with FIG. 12. In FIG. 12, those parts
which are the same as corresponding parts in FIG. 11
are designated by like reference numerals. Description
of such parts will not be repeated. A low band signal
and a medium-low band signal are led out respectively
from the output terminals 44a and 44b. The output of a
low-pass filter 42-3 supplied to the non-inversion input
terminal of the adder 43-2 and the output of the low-
pass filter 42-2 supplied to the inversion input terminal
thereof are subjected, in actuality, to subtraction in the
adder 43-2, and the resulting output medium-high band
signal is led out through the output terminal 44c. The
output of the delay circuit 41-3 and the output of the
low-pass filter 42-3 are respectively supplied to the
non-inversion and inversion input terminals of an adder
43-3 and there subjected, in actuality, to subtraction.
The resulting output high band signal is led out through
an output terminal 44d.

When the characteristics of the low-pass filters 42-1,
42-2, and 42-3 are respectively denoted by LP1, LP2,
and LP3 and the characteristics of the delay circuits
41-1, 41-2, and 41-3 are respectively denoted by D1, D2
and D3, the transmission characteristics from the input
terminal 40 to the four output terminals are as follows.
The characteristic from the input terminal 40 to the
output terminal 444 1s

D1.D2(D3 — LP3) = D1.D2-D3 — D1.D2.LP3.

The characteristic from the input terminal 40 to the
output terminal 44c is

D1.(D2-LP3 — LP2) = DV.D2-LP3 —DI-LFL.

The characteristic from the input terminal 40 to the
output terminal 44b is

D1.LP2 — LPl.
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The characteristic from the input terminal 40 to the
output terminal 442 is

LPl.

Accordingly, when the outputs of all output terminals

44a through 44d are added, the following sum is ob-
tained.

D1-D2.D3 — D\.D2.LP3 + D1-D2-LP3 — DV-LP2
+ DI.LP2 — LP1 + LP1 = DI.D2-D3

This result is equal to that of a cascade connection of
three delay circuits of the characteristics D1, D2 and
D3 and is unrelated to the characteristics of the low-
pass filters. Therefore, the cut-off characteristic can be
made steep, and, moreover, the amplitude and group
delay characteristics can be made flat.

The amplitude and phase characteristics of a cascade
connection of the delay circuit 41-1 and the low-pass
filter 42-2 are substantially equal to those in the pass
band of the low-pass filter 42-1. The amplitude and
phase characteristics of a cascade connection of the
delay circuit 41-2 and the low-pass filter 42-3 are sub-
stantially equal to those in the pass band of the low-pass
filter 42-2. The amplitude and phase characteristics of
the delay circuit 41-3 are substantially equal to those in
the pass band of the low-pass filter 42-3. The amplitude
and phase characteristics of a cascade connection of all
three delay circuits 41-1, 41-2, and 41-3 are substantially
equal to those in the pass band of the low-pass filter 42-1
of the narrowest pass band.

Accordingly, as will be apparent from a comparison
of FIGS. 6 and 12, a smaller number of delay circuits is
sufficient in the instant embodiment of the invention
than in the embodiment illustrated in FIG. 6. The total
of the delay times of the necessary delay circuits 18
determined by the phase characteristic in the pass band
of the low-pass filter of the narrowest pass band. This is
equal to the characteristic of the delay circuit 21-1 in
FIG. 6 and is much superior also on the point of the
total of the delay times of the necessary delay circuits.

The embodiments illustrated in FIGS. 11 and 12 are
those wherein divisions are carried out respectively into
bands of three channels and four channels. In the case
where division into n channels is to be accomplished, a
block system as shown in FIG. 13 can be used. The
circuit organization, operation, characteristics, and
other features of this filter can be readily understood
from the above described embodiments of the invention
illustrated in FIGS. 11 and 12 and, therefore, will not be
described.

In each of the above described embodiment of the
invention the cut-off frequencies of the various low-pass
filters are, of course, mutually different thereby to pass
signals of respectively different specific bands. For
example, the cut-off frequencies fl1, f2 and {3 of the
low-pass filters 22-1, 22-2, and 22-3 in FIGS. 6,8 and 9
have the mutual relation f1 <f2<f3. The same applies
also to the embodiments of the invention illustrated in
FIGS. 11, 12, 13.

For the delay circuits in the filter of the present in-
vention, circuits of the charge coupled device (CCD) or
backet brigade device (BBD) type which can delay
analog voltages as they are may be used. Alternatively,
digital shift registers may be used. In the case where
these shift registers are used, it is necessary to effect
analog to digital (A-D) conversion of the front stage
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thereof and digital to analog (D-A) conversion of the
after stage thereof. Furthermore, as long as the group
delay characteristic of a circuit is flat in the band of its
use (approximately 20 Hz to 20 KHz in the case of an
audio signal), it can be considered to be, substantially, a
delay circuit. For this reason, a circuit comprising a
combination of phase-shift circuits or high-order low-
pass filters of amply high cut-off frequencies may be
used as the delay circuits.

In each of the preceding embodiments of the inven-
tion the amplitude characteristic and phase characteris-
tic of each delay circuit in the pass band of the corre-
sponding low-pass filter have been described as being
equal, in theoretical principle, respectively to the ampli-
tude characteristic and phase characteristic of the low-
pass filter. In actual practice, however, it is difficult to
set the above described amplitude and phase character-
istics of each delay circuit to coincide exactly with
those of the low-pass filter. This problem has been
solved in the following embodiments of the invention.

First, when the phase characteristic is considered, 1t is
most desirable that the phase characteristic of the delay
circuit be equal to the phase characteristic of the low-
pass filter over the entire frequency band thereof. How-
ever, for practical use, satisfactory results can be ob-
tained if the phase characteristic of the delay circuit is
equal to the phase characteristic of the low-pass filter in
its pass band and in the vicinity of its cut-off frequency
(substantially coincident with the cross-over frequency
as a frequency band dividing filter). However, even in
this case, it is difficult to cause the two phase character-
istics to be equal. This problem has been solved by the
present invention in a further embodiment thereof as
described below in conjunction with FIGS. 14 through
18.

In FIG. 14, those parts which are the same as corre-
sponding parts in FIG. 3 are designated by like refer-
ence numerals, and detailed description of such parts
will not be repeated. A signal of a specific frequency
band which has been filtered by the low-pass filter 12 is
phase shifted by a phase-shifting circuit 50. The signal
thus phase shifted is, on one hand, led out as an output
low band signal through the output terminal 13 and, on
the other hand, is supplied to the adder 15 through the
inverter 14. In all other respects, the circuit organiza-
tion shown in FIG. 14 is the same as that illustrated in
FI1G. 3.

Here, the characteristic LP of the low-pass filter 12 is
set at LP = 1/(1 + Ty )*(where T} = dnf) with a
cut-off frequency f,of 1 KHz. Its amplitude characteris-
tic G(LP) and phase characteristic P(LP) are as indi-
cated by curves I and II, respectively, in FIG. 18, from
which this low-pass filter 12 can be said to have a rela-
tively good cut-off characteristic. The amplitude char-
acteristic G(D) and phase characteristic P(D) of the
delay circuit 11 are respectively as indicated by a
straight line I1I and a curve IV in FIG. 15. For example,
the delay time of the delay circuit 11 is 350 us. and its
gain is O dB.

The characteristic PS of the phase-shifting circuit 50

is set as PS = (1 — & )2/(1 + ET )X (where T, =
T1/2.5,£= 0.3). The amplitude characteristic G(PS) and
phase characteristic P(PS) of the phase-shifting circuit
50 are respectively as indicated by the straight line 111
and curve V in FIG. 15. The characteristics of this
phase-shifting circuit 50 are so set that the amplitude
characteristic G(LP + PS) as indicated by a curve I in
FIG. 15 and the phase characteristic P(LP + PS) as
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indicated by a curve VI in the same figure of a circuit
formed by a cascade connection of the low-pass filter 12
and the phase-shifting circuit 50 will be substantially
equal respectively to the amplitude characteristic G(D)
as indicated by the straight line III in FIG. 15 and the
phase characteristic P(D) as indicated by the curve IV
in the same figure of the delay circuit 11 in the pass band
and in the vicinity of the cut-off frequency (1 KHz) of
the low-pass filter 12.

As will be apparent from a comparison of the curve 11
in FIG. 15 indicating the phase characteristic P(LP) of
the low-pass filter 12 and the curve VI indicating the
phase characteristic P(LP + PS) of the circuit formed
by the cascade connection of the low-pass filter 12 and
the phase-shifting circuit 50, the phase characteristic of
this cascade connection circuit of the low-pass filter 12
and the phase-shifting circuit 50 is closer to the phase
characteristic P(D) of the delay circuit 11 as indicated
by the curve IV than that of only the low-pass filter 12
in the pass band and in the vicinity of the cut-off fre-
quency of the low-pass filter 12.

Accordingly, even when the phase characteristic of
the low-pass filter 12 is a characteristic as indicated by
the curve II, by cascade connecting the phase-shifting
circuit 50 therewith, the characteristic indicated by the
curve VI which is closed to the phase characteristic
indicated by the curve IV of the delay circuit 11 is
obtained. For this reason, the output signal of the delay
circuit 11 and the output signal of the inverter 14 are
mutually of substantially opposite phase, and good op-
eration is carried out in the operation circuit 18.

As a result, the amplitude characteristic of the high
band output signal obtained at the output terminal 16
shown 1n FIG. 14 becomes as indicated by the curve II
in FIG. 16. As will be apparent from a comparison of
this amplitude characteristic indicated by the curve Il
with the amplitude characteristic (curve IIIH in FI1G. §)
of the high band output signal of the circuit shown in
FIG. 3 indicated by the curve I in FIG. 1§, the cut-off
characteristic is improved. The curve III in FIG. 16
indicates the amplitude characteristic of the low band
output signal obtained at the output terminal 13.

Furthermore, when the output signals of the output
terminals 13 and 16 are combined, the characteristic of
the combined signal becomes LP-PS 4+ D — LP - PS
= D (where PS is the characteristic of the phase-shift-
ing circuit), and, similarly as in the embodiment of the
invention illustrated in FIG. 3, the characteristic of this
combined signal is expressed by only the characteristic
D of the delay circuit 11 whose amplitude characteristic
and delay characteristic are both flat and is unrelated to
the characteristics LP and PS of the low-pass filter 12
and the phase-shifting circuit 50.

Embodiments of the invention which evolve when
the above considerations are applied to the embodi-
ments illustrated in FIGS. 6 and 11 are shown in FIGS.
17 and 18. In FIGS. 17 and 18, those parts which are the
same as corresponding parts in FIGS. 6 and 11 are
designated by like reference numerals, and detailed
description of such parts will be omitted.

In the arrangement illustrated in FI1G. 17, phase-shift-
ing circuits 51-1, 51-2, and 51-3 are cascade connected
to low-pass filters 22-1, 22-2, and 22-3. It is not neces-
sary to connect a phase shifting circuit to every low-
pass filter, and a circuit organization wherein a phase-
shifting circuit is cascade connected to the correspond-
ing low-pass filter in only each band system in which it
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18 necessary to obtain a particularly sharp cut-off char-
acteristic may be used.

In the circuit shown in FIG. 18, phase-shifting cir-
cuits 52-1 and $52-2 are cascade connected to the low-
pass filters 42-1 and 42-2. Here the characteristic PS2 of
the phase-shifting circuit 52-2 is so set that the ampli-
tude characteristic (indicated by the curve I in FIG. 15)
and the phase characteristic (indicated by the curve VI
in the same figure) of the cascade connected circuit of
the low-pass filter 42-2 and the phase-shifting circuit
32-2 will be substantially equal to the amplitude charac-
teristic (indicated by the straight line III) and the phase
characteristic (indicated by the curve IV) of the delay
circuit 41-2 in the pass band and the vicinity of the
cut-off frequency (only the pass band with respect to
the amplitude characteristic) of the low-pass filter 42-2
of which amplitude and phase characteristics are indi-
cated respectively by the curves I and II in FIG. 185.

Furthermore, the characteristic PS1 of the phase-
shifting circuit 32-1 is so set that the amplitude and
phase characteristics of the cascade connected circuit of
the low-pass filter 42-1 and phase shifting circuit 52-1
will be substantially equal to the amplitude and phase
characteristics of the cascade connection circuit of the
delay circuit 41-1, low-pass filter 42-2, and phase-shift-
ing circuit §2-2 in the pass band and vicinity of the
cut-off frequency (only the pass band with respect to
the amplitude characteristic) of the low-pass filter 42-1.

When the signals led out through the output terminals
23, 25, 26, and 27 are combined, the characteristic of the
combined signal becomes LP1-PS1 +D1.LP2.PS
2—LP1-PS14+D1-D2-DI1.-LP2.-PS2=D
1. D 2. Accordingly, the characteristic of the combined
signal is represented by only the characteristics D1 and
D2 of the delay circuits 41-1 and 41-2 and is unrelated to
the charactenistics LP1, LP2, PS1, and PS2 of the low-
pass filters 42-1 and 42-2 and the phase-shifting circuits
52-1 and 52-2. Therefore, the amplitude and delay char-
acteristics of the combined signal are both flat.

In the preceding seventh, eighth, and ninth embodi-
ments of the invention described above in conjunction
with FIGS. 14, 17, and 18, a secondary order phase-
shifting circuit is cascade connectd in one stage with
respect to each low-pass filter, but the arrangement is
not thus limited. Depending on the purpose, a phase-
shifting circuit of higher order may be used, and phase-
shifting circuits may be cascade connected in a plurality
of stages. Furthermore, either a low-pass filter or its
corresponding phase-shifting circuit may be disposed in
front in sequence in their cascade connection. The
phase-shifting circuit may be connected in a signal
transmission path including the low-pass filter.

Here, in order to obtain a flat amplitude characteristic
by combining directly as they are the outputs of all
bands of the frequency band dividing filter, the levels of
these outputs must be so set. In actual practice, how-
ever, since a level adjuster is used so as to unify the
levels of the amplifiers and speakers of different ampli-
tude characteristic connected in the later stages of the
frequency band dividing filter, there is essentially no
problem even when, for example, the output levels of all
bands of this filter are different.

In addition, even when there 1s an output of opposite
polarity (opposite phase) among the outputs of the re-
spective bands, this, also, is essentially no problem since
the phase can be easily reinverted by the connections of
components such as amplifiers and speakers.
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Since there is essentially no problem even when the
levels of the outputs of the bands are different, the am-
plitude and phase characteristics need not be equal in all
bands, the only requirement being that only the phase
characteristics be equal. For example, in the embodi-
ment of the invention illustrated in FIG. 17, the only
requirement is that the phase characteristics of the delay
circuits 21-2¢ and 21-2b be equal, and the phase charac-
teristics of the delay circuits 21-3q, 21-3b, and 21-3¢ be
equal.

Furthermore, while the amplitude characteristic in
the pass band of the low-pass filter can be easily set at 0
dB, in a delay circuit wherein a bucket brigade device
(BBD), for example, is used, the amplitude characteris-
tic in the pass band is minus a number of dB, and in a
delay circuit wherein a low-pass filter of higher order of
constant K-type is used, the amplitude characteristic
does not become greater than — 6 dB. Consequently, it
is difficult to set the amplitude characteristic of the
delay circuit equal to that in the pass band of the low-
pass filter.

This problem is solved in still another embodiment of
the invention as described below. The delay circuit 11
shown in FIG. 19 comprises an ideal low-pass filter of
constant K-type wherein the amplitude characteristic is
set at substantially 0.5 (—6 dB). The amplitude charac-
teristic of the low-pass filter 12 in its pass band is set at
substantially 1 (0 dB). A signal passing through the
low-pass filter 12 is led out as a low band output signal
through the output terminal 13 and, at the same time, is
supplied to a coefficient applying operation circuit 60,
where it is multiplied by a coefficient K2, then being
applied to an operational amplifier 61. On the other
hand, a signal from the delay circuit 11 is multiplied by
a coefficient K1 and then applied to the operational
amplifier 61, where it is added to the above mentioned
signal from the low-pass filter 12 which has been multi-
plied by the coefficient K2. Here, these coefficients K1
and K2 are set at K1 = 2 and K2 = —1. Accordingly,
the signals from the delay circuit 11 and the low-pass
filter 12 of amplitude characteristics which are unequal
with each other are subjected to have equal amplitude
characteristics by applying the coefficients and sub-
tracted in the operational amplifier 61 as signals of mu-
tually substantially the same phase and the same level in
the pass band of the low-pass filter 12. Therefore, a high
band output of sharp cut-off characteristic is led out
through the output terminal 16.

In this case, a sharp cut-off characteristic of the high
band output can be obtained if the output of the opera-
tion circuit 60 is sufficiently low in the pass band of the
low-pass filter 12. For this purpose, the coefficients K1
and K2 need not be of the values set forth above but
may be of values in combinations such as, for example,
K1=1,K2=050rK1= —2,K2 = 1, provided that
the following equation is satisfied.

(amplitude characteristic of the low-pass filter

_ in the pass band thereof)
(amplitude characteristic of the delay circuit in

the pass band of the low-pass filter)

K1
K2

The above mentioned coefficient operation circuit 60
in actual practice comprises, for example, a combination
of an operational amplifier 62 and resistors R1 through
R4 as shown in FIG. 20A. The input terminals 63 and 64
are respectively connected through resistors R1 and R3
to the inverting input terminal and the noninverting
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input terminal of the operational amplifier 62. A resistor
R2 is connected between the output terminal and the
inverting input terminal of the operational amplifier 62,
and the noninverting input terminal thereof is con-
nected through a resistor R4 to ground (earth). An
input to be multiplied by a negative coefficient is sup-
plied into this circuit through an input terminal 63,
while an input to be multiplied by a positive coefficient
is supplied through an input terminal 64.

In the case where a circuit organization wherein, in
the pass band of the low-pass filter, the low-pass filter
and the delay circuit are of mutually opposite polarity
(opposite phase)(in which state, although it may be
considered that the phase characteristics are different, it
will be assumed here that the phase characteristics are
substantially equal, and one of the amplitude character-
istics is negative) is used, a circuit as shown in FIG. 20B
may be used for the operation circuit 60. In the same
figure, the input terminals 63 and 64 are respectively
connected via resistors RS and Ré to the inverting input
terminal of the operational amplifier 62. A resistor R7 is
connected between the output terminal and the invert-
ing input terminal of the operational amplifier 62, and
the noninverting input terminal thereof is connected
directly to ground (earth). In this case, the signals enter-
ing through the terminals 63 and 64 are both multiplied
by negative coefficients and then added.

A further embodiment of the invention which is
formed by using the circuit shown in FIG. 19 as a two-
band dividing basic unit circuit and applying this circuit
to a filter of a three-band dividing organization based on
the embodiments of the invention illustrated in FIGS. 3,
6, 11, etc., will now be described with reference to
FIGS. 21 through 28. In FIGS. 21 through 2§, those
parts which are the same as corresponding parts in
FIGS. 6 and 11 are designated by like reference numer-
als, and detailed description of such parts will be omit-
ted.

In FIG. 21, a two-band dividing basic unit circuit 70
comprising a delay circuit 21-1, a low-pass filter 22-1,
and an adder 24-1 is similar to those illustrated in FIGS.
3 and 6. A basic unit circuit 71 for two-band dividing
the output signal of the adder 24-1 is of a circuit organi-
zation similar to that shown in FIG. 19, and comprises
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a delay circuit 21-2b, a low-pass filter 22-2, and a coeffi- 45

cient applying operation circuit 60. Output signals of
low band, medium band, and high band are led out
respectively from the output terminals 724, 726, and

72c. |
In accordance with the present embodiment of the

invention, in order to obtain a good cut-off characteris-
tic in the high band, it is not necessary to set the ampli-
tude characteristic of the delay circuit 21-2b substan-
tially equal to the amplitude characteristic of the low-
pass filter 22-2 in the pass band of the low-pass filter
22-2, the only requirement being merely that the phase
characteristics be equal, whereby the design and pro-
duction are facilitated.

As a modification of the embodiment of the invention
shown in FIG. 21, the basic unit circuit 70 and 71 may
be interchanged.

The embodiment of the invention illustrated in FIG.
22 uses a coefficient applying operation circuit 60-1 in
place of the adder 24-1 in the embodiment shown in
FIG. 21. According to the present embodiment of the
invention, a high band output and a medium band out-
put of good cut-off characteristics can be obtained even
when the amplitude characteristics of the delay circuits

50

33

60

65

18

21-1 and 21-ab are not equal to the amplitude character-
istics of the low-pass filters 22-1 and 22-2 in the pass
band thereof.

Furthermore, as shown in FIG. 23, the coefficient
applying operation circuit 60 may be used in place of
the adder 43-2 in the embodiment shown in FIG. 11.
Otherwise, as shown in FIG. 24, the coefficient apply-
ing operation circuit 60 may be used in place of the
adder 43-1 in the embodiment shown in FIG. 11. Fur-
ther, as shown in FIG. 28, coefficient applying opera-
tion circuits 60-1 and 60-2 may be used in place of ad-
ders 43-1 and 43-2 in the embodiment shown in FIG. 11.

The values of the coefficients of the above mentioned
coefficient applying operation circuits are not limited
those in the above described embodiment of the inven-
tion. For example, the values K1 = 1 and X2 = —0.5
may be used. In this case, when the high band output
signal and the low band output signal are combined, the
high band side in proportion to the low band side be-
comes 0.5 (—6 dB), and the amplitude characteristic no
longer is flat. In actual practice, however, there arises
essentially no problem since a level adjuster is used so as
to unify the high band and low band levels of amplifiers
and speakers of different amplitude characteristics
which are connected in the later stages of the frequency
band dividing filter.

Furthermore, even when the coefficients are of mutu-
ally opposite polarity (opposite phase), such as X1 =
—2 and K2 = 1, there is essentially no problem since
the phases can be easily reinverted by the connections
of the components such as amplifiers and speakers.

In addition, it is not necessary that both the amplitude
characteristics and the phase characteristics of the delay
circuit of the basic unit circuit for two-band division
and of the delay circuit for compensation provided in
correspondence thereto in another band signal path be
equal, the only requirement being that the phase charac-
teristics be equal.

Further, this invention is not limited to these embodi-
ments but varicus variations and modifications may be
made without departing from the scope of the inven-
tion.

What is claimed is:

1. A frequency band dividing filter comprising: an
input terminal for application thereto of input signals; at
least two unit circuits connected in cascade connection
of at least two stages; and supplemental delay circuit
means,

each of said unit circuits comprising a low-pass filter

having a specific filtering frequency band with a
steep cut-off characteristic, a delay circuit con-
nected in parallel with said low-pass filter and hav-
ing a frequency phase characteristic substantially
equal to the frequency phase characteristic of said
low-pass filter in the pass band thereof, and a sub-
traction circuit connected to the output sides of
said low-pass filter and said delay circuit thereby to
carry out subtraction of the outputs of said low-
pass filter and said delay circuit,

the input sides of the low-pass filter and the delay

circuit of a first stage unit circuit of said two unit
circuits connected in two stage cascade connection
being connected to said input terminal,

the input sides of the low-pass filter and the delay

circuit of a second stage unit circuit of said two unit
circuits being connected to the output side of the
subtraction circuit of the first stage unit circuit,
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said supplemental delay circuit means comprising a
supplemental delay circuit having the same charac-
teristic as the characteristic of the delay circuit of
the second stage unit circuit and being connected
to the output side of the low-pass filter of the first
stage unit circuit.

2. A frequency band dividing filter as claimed in
claim 1 in which at least one unit circuit further com-
prises a phase-shifting circuit connected to the low-pass
filter in cascade connection in a shunted signal path
including the low-pass filter.

3. A frequency band dividing filter as claimed in
claim 1 in which said subtraction circuit of each of said
unit circuits comprises a coefficient applying operation
circuit for operating the output signals of the delay
circuit and the low-pass filter with applying and multi-
plying the output signals by the coefficients K1 and K2.

4. A frequency band dividing filter comprising: an
input terminal for application thereto of input signals;
three unit circuits connected in cascade connection of
three stages; and supplemental delay circuit means,

each of said unit circuits comprising a low-pass filter
having a specific filtering frequency band with a
steep cut-off characteristic, a delay circuit con-
nected in parallel with said low-pass filter and hav-
ing a frequency phase characteristic substantially
equal to the frequency phase characteristic of said
low-pass filter in the pass band thereof, and a sub-
traction circuit connected to the output sides of
said low-pass filter and said delay circuit thereby to
carry out subtraction of the outputs of said low-
pass filter and said delay circuit,

the input sides of the low-pass filter and the delay
circuit of a first stage unit circuit of said three unit
circuits connected in three stage cascade connec-
tion being connected to said input terminal,

the input sides of the low-pass filter and the delay
circuit of a second stage unit circuit of said three

unit circuits being connected to the output side of

the subtraction circuit of the first stage unit circuit,

the input sides of the low-pass filter and the delay
circuit of the third stage unit circuit of said three
unit circuits being connected to the output side of
the subtraction circuit of the second stage unit
circuit,

said supplemental delay circuit means comprising -a
first supplemental delay circuit having the same
characteristic as the characteristic of the delay
circuit of the second stage unit circuit and being
connected to the output side of the low-pass filter
of the first stage unit circuit, and

second and third supplemental delay circuits having
respectively the same characteristics as the charac-
teristic of the delay circuit of the third stage unit
circuit and being respectively connected to the
output side of the low-pass filter of the second
stage unit circuit and to the output side of the first
supplemental delay circuit.

5. A frequency band dividing filter comprising: an

input terminal for application thereto of input signals; at
least two unit circuits connected in cascade connection

of at least two stages; and supplemental delay circuit
means,

each of said unit circuits comprising a low-pass filter

having a specific filtering frequency band with a

steep cut-off characteristic, a delay circuit con-

nected in parallel with said low-pass filter and hav-

ing a frequency phase characteristic substantially
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equal to the frequency phase characteristic of said
low-pass filter in the pass band thereof, and a sub-
traction circuit connected to the output sides of
said low-pass filter and said delay circuit thereby to
carry out subtraction of the outputs of said low-
pass filter and said delay circuit,

the input sides of the low-pass filter and the delay

circuit of a first stage unit circuit of said two unit
circuits connected in two stage cascade connection
being connected to said input terminal,

the input sides of the low-pass filter and the delay

circuit of a second stage unit circuit of said two unit
circuits being connected to the output side of the
low-pass filter of the first stage unit circuit,

said supplemental delay circuit means comprising a

supplemental delay circuit having the same charac-
teristic as the characteristic of the delay circuit of
the second stage unit circuit and being connected
to the output side of the subtraction circuit of the
first stage unit circuit.

6. A frequency band dividing filter as claimed in
claim § in which at least one unit circuit further com-
prises a phase-shifting circuit connected to the low-pass
filter in cascade connection in a shunted signal path
including the low-pass filter.

7. A frequency band dividing filter as claimed in
claim § in which said subtraction circuit of each of said
unit circuits comprises a coefficient applying operation
circuit for operating the output signals of the delay
circuit and the low-pass filter with applying and multi-
plying the output signals by the coefficients K1 and K2.

8. A frequency band dividing filter comprising: an
input terminal for application thereto of input signals;
three unit circuits connected in cascade connection of
three stages; and supplemental delay circuit means,

each of said unit circuits comprising a low-pass filter

having a specific filtering frequency band with a
steep cut-off characteristic, a delay -circuit con-
nected in parallel with said low-pass filter and hav-
ing a frequency phase characteristic substantially
equal to the frequency phase characteristic of said
low-pass filter in the pass band thereof, and a sub-
traction circuit connected to the output sides of
said low-pass filter and said delay circuit thereby to
carry out subtraction of the outputs of said low-
pass filter and said delay circuit,

the input sides of the low-pass filter and the delay

circuit of a first stage unit circuit of said three unit
circuits connected in three stage cascade connec-
tion being connected to said input terminal,

the input sides of the low-pass filter and the delay

circuit of a second stage unit circuit of said three
unit circuits being connected to the output side of
the low-pass filter of the first stage unit circuit,
the mput sides of the low-pass filter and the delay
circuit of the third stage unit circuit of said three
unit circuits being connected to the output side of
the low-pass filter of the second stage unit circuit,

said supplemental delay circuit means comprising a

first supplemental delay circuit having the same
characteristic as the characteristic of the delay
circuit of the second stage unit circuit and being
connected to the output side of the subtraction
circuit of the first stage unit circuit, and

second and third supplemental delay circuits having

respectively the same characteristics as the charac-
teristic of the delay circuit of the third stage unit
circuit and bemng respectively connected to the
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output side of the subtraction circuit of the second
stage unit circuit and to the output side of the first
supplemental delay circuit.

9. A frequency band dividing filter comprising: an
input terminal for application thereto of input signals; a
first unit circuit connected to said input terminal; sec-
ond and third unit circuits respectively connected to
said first unit circuit in cascade connection; and supple-
mental delay circuit means,

each of said unit circuits comprising a low-pass filter

having a specific filtering frequency band with a
steep cut-off characteristic, a delay circuit con-
nected in parallel with said low-pass filter and hav-
ing a frequency phase characteristic substantially
equal to the frequency phase characteristic of said
low-pass filter in the pass band thereof, and sub-
traction circuit connected to the output sides of
said low-pass filter and said delay circuit thereby to
carry out subtraction of the outputs of said low-
pass filter and said delay circuit,

the input sides of the low-pass filter and the delay

circuit of the first unit circuit being connected to
said input terminal,

the input sides of the low-pass filter and the delay

circuit of the second unit circuit being connected to
the output side of the subtraction circuit of the first
unit circuit,

the input sides of the low-pass filter and the delay

circuit of the third unit circuit being connected to
the output side of the low-pass filter of the first unit
circuit,

said supplemental delay circuit means comprising a

first supplemental delay circuit having the same
characteristic as the characteristic of the delay
circuit of the third unit circuit and being connected
between the first unit circuit and the second unit
circuit, and
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second supplemental delay circuit having the same
characteristic as the characteristic of the delay
circuit of the second unit circuit and being con-
nected between the first unit circuit and the third
unit circuit.

10. A frequency band dividing filter as claimed in
claim 9 in which at least one unit circuit further com-
prises a phase-shifting circuit connected to the low-pass
filter in cascade connection in a shunted signal path
including the low-pass filter.

11. A frequency band dividing filter as claimed in
claim 9 in which said subtraction circuit of each of said
unit circuits comprises a coefficient applying operation
circuit for operating the output signals of the delay
circuit and the low-pass filter with applying and multi-
plying the output signals by the coefficients K1 and K2.

12. A frequency band dividing filter comprising: an
input terminal for application thereto of input signals; a
delay circuit connected to the input terminal; a low-pass
filter connected in parallel with said delay circuit with
respect to the input terminal and having a specific filter-
ing frequency band with a steep cut-off characteristic: a
subtraction circuit connected to the output sides of said
low-pass filter and said delay circuit thereby to carry
out subtraction of the outputs of said low-pass filter and
said delay circuit; a phase-shifting circuit connected in a
shunted signal path containing the low-pass filter be-
tween the input terminal and the subtraction circuit; a
first output terminal for leading out the output low-fre-
quency band signal of said low-pass filter; and a second
output terminal for leading out the output high-fre-
quency band signal of said subtraction circuit, the fre-
quency phase characteristic of the cascade connection
circuit of said low-pass filter and said phase-shifting
circuit being equal to the frequency phase characteristic

of delay circuit in the pass band of the low-pass filter.
& 2 * 3 .
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